ABSTRACT The effects of 6 different litter amendments on broiler performance, level of atmospheric ammonia (NH 3 ) concentration, and soluble reactive phosphorus (SRP) in litter was determined. Through 3 experiments conducted on 2 different commercial farms, one chemical amendment was added to the litter and then was compared with a control. Broiler performance was not affected by any of the amendments except the ferrous sulfate amendment for which mortality was 25.5%. Application of aluminum chloride (AlCl 3 ؒ6H 2 O) to the litter lowered atmospheric ammonia concentrations at 42 d by
INTRODUCTION
In poultry high concentrations of ammonia reduce growth rate (Quarles and Kling, 1974; Reece et al., 1979) and feed efficiency (Caveny and Quarles, 1978; Caveny et al., 1981) , decrease egg production (Deaton et al., 1984) , damage the respiratory tract (Anderson et al, 1964b; Nagaraja et al., 1983) , and increase susceptibility to Newcastle disease (Anderson et al., 1964a) , incidence of airsacculitis (Quarles and Kling, 1974; Qyetunde et al., 1976) , levels of Mycoplasma gallisepticum (Sato et al., 1973) , and incidence of keratoconjunctivitis (Bullis et al., 1950) . Carlile (1984) suggested that 25 ppm of ammonia should not be exceeded in a poultry house.
Another detrimental aspect of ammonia volatilization from litter is the effect on acid rain. Ap Simon et al. (1987) reported that atmospheric ammonia pollution plays an important role in acid rain and that the dominant source of ammonia in Europe is livestock wastes, with long-term trends showing a 50% increase in emissions from 1950 to 1980.
Land application of poultry litter can result in high levels of phosphorus in runoff water, even when recommended rates are used. Considered to be the primary 2005 Poultry Science Association, Inc. Received for publication February 3, 2004 . Accepted for publication December 16, 2004. 1 To whom correspondence should be addressed: KHNahm1@cs.com. 679 97.2%, whereas ferrous sulfate (FeSO 4 ؒ7H 2 O) lowered it by 90.77%. Ammonia concentrations were reduced by 86.18, 78.66, 75.52, and 69 .00% by aluminum sulfate [alum or Al 2 (SO 4 ) 3 ؒ14 H 2 O)], alum + CaCO 3 , aluminum chloride + CaCO 3 , and potassium permanganate (KMnO 4 ), respectively, when compared with each control at 42 d. Each amendment except KMnO 4 significantly reduced SRP contents. Alum and aluminum chloride were the effective compounds evaluated on the commercial farms with respect to reducing ammonia contents, phosphorus solubility, and mortality. element of concern with respect to eutrophication, most phosphorus (90%) in runoff is soluble (Edwards and Daniel, 1993) , which is the most available form for algal uptakes (Sonzogni et al., 1982) .
Both ammonia volatilization and phosphorus runoff from poultry litter can be greatly reduced with the addition of chemical amendments such as aluminum, calcium, and iron (Moore and Miller, 1994 : Moore et al., 1995a , 2000 Shreve et al., 1995 Shreve et al., , 1996 Burgess et al., 1998) . Studies conducted on commercial broiler farms by Moore et al. (1995b Moore et al. ( , 1997 showed that aluminum sulfate applications to poultry litter resulted in increased weight gains and improved feed conversion. These improvements in poultry performance make this one of the few cost-effective management practices that reduces pollution and increases productivity. However, before this management practice can be put into widespread usage, questions concerning the environmental impact of different types of chemical amendments and their safety in broilers on commercial farms must be addressed. 
MATERIALS AND METHODS

Bird Management and Experimental Design
One hundred 1-d-old broiler chicks (Arbor Acres) obtained from a commercial hatchery were allotted to each treatment or control group for each amendment that was used in 3 different experiments (n = 600 chicks per 3 treatment and 3 control groups). Chicks were vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis at the hatchery and for infectious bursal disease at 12 d of age.
Two commercial farms with 6 broiler houses each were used in the 3 experiments. In each broiler house, one room with a capacity for 100 birds was sealed off with plastic sheeting from the floor to the ceiling to prevent gas exchange. This room was designated for use in these experiments while the remaining space in each house was used for commercial purposes. On each farm, 3 rooms were randomly chosen to house 1 of the 3 treatments, and 3 rooms were chosen for the control groups for each experiment.
Chicks were placed under simulated commercial conditions after the rooms with concrete floors were thoroughly cleaned, and about 10 cm of clean rice bran was placed on the floor (Reece et al., 1979) . These conditions included each house having a clean concrete floor (3.5 × 4 m), providing approximately 0.14 m 2 /bird. The chemical amendments were added to the clean rice bran at 1.150 kg/m 2 house (or 0.287 kg of CaCO 3 /m 2 house, or both), except for potassium permanganate which was added at 0.115 kg/m 2 house Moore et al., 2000) . Experimentally controlled incandescent lighting and temperature were used within the windowless facilities. Water and commercial mash diets (Table 1) were available ad libitum throughout the experiment. Upon completion of each experiment, the litter was removed and the room was thoroughly cleaned and dried before placement of the next experimental group.
Performance and Mortality
Feed intake, weight gain, and feed:gain were determined weekly. Mortality was recorded daily, and BW were recorded. Mortality percentage was calculated by dividing the number of birds that died in the period by the initial number of birds in the room and multiplying by 100 (Borges et al., 2003) . These data were used to determine performance parameters on a cumulative basis at 21 and 42 d of age.
Chemical Analysis
Atmospheric ammonia gas concentrations were measured weekly with a Gas-Tech-2 2 at 8 random places 2 Gas Tech Corporation, Fukaya, Ayase, Japan. within each room at 4 different bird heights and at 4 random places within each room at the workers' height. Fresh litter was thoroughly mixed, and a 92-g sample (50-g dry weight equivalent) was placed in a 750-mL airtight container (Moore et al., 1995a) and kept frozen (Ferguson et al., 1998a) until the samples were analyzed.
The pH of samples (1:1 litter per water extract) was measured immediately in an unfiltered state. The values for moisture were analyzed by AOAC (1990) methods. A 20-g subsample of the litter was extracted with 200 mL of deionized water for 2 h. The samples were centrifuged at 1,000 rpm. The supernatant was then filtered through a 0.45-µm membrane filter, acidified to a pH of 2.0 with HCl, and frozen to −20°C until SRP analyses were performed (Moore et al., 1995a) . The SRP was determined using the ascorbic acid technique with an autoanalyzer according to the American Public Health Association (APHA) method 424-G (APHA, 1992) . The values of pH, moisture, and SRP were determined for the broiler litter at 42 d because broilers are usually removed from their houses after final grow out at this age, and litter is then removed for land application.
Statistical Analysis
All statistical analyses of the data were performed using the PROC GLM of SAS (1985) . The probability value used to determine significance was 0.05. Differences between means for ammonia gas concentrations were evaluated using Fisher's protected least significant difference (Moore et al., 2000) , and the student t-test was used for the other groups.
RESULTS
Experiment 1
Results for which ferrous sulfate and alum were used as amendments are presented in Table 2 and Figure 1 (A  and B) . Other than mortality, performance parameters were similar between the broilers raised on treated and untreated (control) litter. Mortality from 0 to 21 d was higher in the ferrous sulfate treated litter group (P < 0.01) than in the control group.
As shown in Figure 1A , atmospheric ammonia production from the ferrous sulfate treated litter was 0.46, 0.50, and 0.63 ppm at wk 1, 2, and 3, respectively, but was 2.8 ppm at wk 4. The atmospheric ammonia production at wk 5 was 1.20 ppm and at wk 6 was 2.88 ppm, which was very similar to wk 4. However, the atmospheric ammonia production from the untreated (control) litter was 2. 89, 5.00, 10.50, 20.25, 26.50, and 31 .88 ppm at wk 1, 2, 3, 4, 5, and 6, respectively. The cumulative ammonia concentration from litter treated with ferrous sulfate was 90.97% less than that of the control. Figure 1B shows the atmospheric ammonia production from alum-treated litter was 0 ppm at wk 1, 2, and 3 but increased to 1.33 ppm at wk 4. At wk 5 and 6, the atmospheric ammonia concentrations from the alum-treated litter were 4.20 and 4.63 ppm. The ammonia production from the untreated or control litter was 2. 49, 3.88, 8.50, 26.75, 29.50, and 33 .50 ppm at wk 1, 2, 3, 4, 5, and 6, respectively. The cumulative ammonia production at 42 d for the alum-treated litter was 86.18% lower than the control. Table 3 shows the values of the pH and SRP for the litters at 42 d. The moisture was higher (P < 0.01) in the control litter than the ferrous sulfate treated litter. The moisture level of the alum treated litter was not significantly different from the control litter. The SRP contents of the ferrous sulfate and alum treated litters were both lower (P < 0.01) than those of the controls.
Experiment 2
The results of experiment 2 in which aluminum chloride and alum + CaCO 3 were used as amendments are presented in Table 2 and Figure 1 (C and D) . Broiler performance and mortality were not significantly different for the broilers reared on treated or untreated litters for all ages.
The cumulative atmospheric ammonia concentration at 42 d was 97.2% lower for the aluminum chloride treated litter compared with the control (Figure 1 C) . From the aluminum chloride treated litter, the atmospheric ammonia production was at 0 or almost 0 ppm up to 3 wk and then increased to 0.65, 0.65, and 1.00 ppm at wk 4, 5, and 6, respectively. The atmospheric ammonia production for the untreated litter was 1. 50, 3.13, 4.25, 28.00, 25.50, and 36 .25 ppm at wk 1, 2, 3, 4, 5, and 6, respectively. The cumulative atmospheric ammonia concentration at 42 d was 78.66% less for the alum + CaCO 3 treated litter than the control ( Figure 1D ). The treated litter had atmospheric ammonia levels of 5.55 and 8.13 ppm at wk 5 and 6, whereas 0.06, 0.50, 0.63, and 1.06 ppm were produced at wk 1, 2, 3, and 4, respectively. The atmospheric ammonia production from the untreated litter was 2. 00, 3.25, 3.38, 28.25, 30.78, and 38 .10 at wk 1, 2, 3, 4, 5, and 6, respectively.
The values for pH, moisture, and SRP for the litters at 42 d are shown in Table 3 . The pH values of the aluminum chloride and alum + CaCO 3 treated litters are slightly lower than the controls, but they were not significantly different. The moisture content of the aluminum chloride treated litter was lower (P < 0.01) than for the control, whereas the moisture content of the alum + CaCO 3 treated litter was not significantly different from the control. The SRP levels in the aluminum chloride and alum + CaCO 3 treated litters were lower (P < 0.01 or 0.05) at 42 d when compared with the controls.
Experiment 3
The results of experiment 3 in which aluminum chloride + CaCO 3 or potassium permanganate were used as amendments to the litter are shown in Table 2 and Figure  1 (E and F). There were no significant differences in broiler performance including mortality at any age between the treated and untreated litter groups. Atmospheric ammonia production for the litter treated with aluminum chloride + CaCO 3 was 9.18 ppm at wk 6 but was only 1.90 ppm at wk 5 and less than 1 ppm for the first 4 wk ( Figure  1E ). The untreated control litter produced 2.58, 4.63, 16.00, 24.75, 26.00, and 37.50 ppm at wk 1, 2, 3, 4, 5, and 6, respectively. The aluminum chloride + CaCO 3 litter treatment reduced the cumulative ammonia concentration at 42 d by 75.52% ( Figure 1E ).
Atmospheric ammonia production from potassium permanganate treated litter was 0.78, 1.43, 2. 25, 5.50, 8.88, and 12 .00 ppm at wk 1, 2, 3, 4, 5, and 6, respectively, whereas the untreated litter produced 2.83, 7.00, 16.00, 23.75, 27.50, and 39.00 ppm at wk 1, 2, 3, 4, 5, and 6, respectively ( Figure 1F ). The potassium permanganate treated litter had a cumulative atmospheric ammonia production at 42 d that was 69.00% lower than the control ( Figure 1F) . Table 3 shows the pH, moisture, and SRP for the treated and control litters. There were no significant differences in the pH of the control and the litters treated with aluminum chloride + CaCO 3 or potassium permanganate, although the control litter had slightly higher pH values. The moisture content of the aluminum chloride + CaCO 3 treated litter was lower (P < 0.01) than that of the control, whereas the moisture content of the potassium permanganate treated litter was lower but not significantly different than that of the control. The values for SRP of the aluminum chloride + CaCO 3 treated litter were lower (P < 0.01) than for the control. The SRP content of the potassium Mortality percentage was calculated by dividing the number of birds that died in the period by the initial number of birds in pen and multiplying by 100 (Borges et al., 2003; Poult. Sci. 82:301-308 permanganate treated litter was not significantly lower than that of the control (Table 3) .
DISCUSSION
The present study dealt with 2 aspects of the use of chemical amendments to broiler litter: 1) effects on production performance including mortality and 2) effect on litter ammonia production and phosphorus solubility.
Production Performances Including Mortality
There were no significant differences in bird performances between the broilers raised on litter treated with the 6 different amendments and the controls. These results are somewhat consistent with those of Moore et al. (2000) , who indicated that the average bird weight for broilers raised on alum treated litter was 1.75 kg vs. 1.66 kg for the controls. Quarles and Caveny (1979) reported that BW and feed efficiencies for 8-wk-old birds on a control treatment did not differ from those of birds exposed to 50 ppm ammonia. indicated that birds exposed to 25 to 200 ppm ammonia during brooding weighed less at market age than controls. Weight reduction was minimal at 25 ppm, but weight at 50 ppm was reduced by 10% and by 25% at 200 ppm. Mortality increased at levels of 100 ppm ammonia and above. Feed conversion, however, was not affected . High levels of ammonia negatively impact animal performance (Carlile, 1984) , causing problems such as damage to the respiratory tract, compromised immune systems, increased number of Mycoplasma gallisepticum in the respiratory tract, increased incidence of airsacculitis, blindness, and negative effects on performance such as weight gain and feed conversion . The amount of atmospheric ammonia production in the current trials was significantly higher for birds raised on untreated litter, ranging from 20 to 25 ppm at wk 4 to nearly 40 ppm at wk 6 in the control groups (Figure 1 , A through F). Our findings that use of ferrous sulfate as a litter amendment increased mortality, especially in 0-to-21-dold chicks, were in agreement with the findings of Pescatore and Harter-Dennis (1989) , who reported catastrophic mortality due to iron toxicity. Apparently chickens normally consume a certain amount of the litter, and when it has been treated with ferrous sulfate this consumption can result in increased mortality (Moore et al., 1995a) . Mortalities with the other 5 amendments and the control litter were not different and ranged from 5.5 to 7.6% (Table 2 ). These observations suggest that the amendments did not have an effect on the mortality when compared with the control, and the low mortality might have been related to the low levels of ammonia produced from the litter. Moore et al. (1995a) reported that low mortality is due to reductions in atmospheric ammonia levels.
Ammonia Volatilization and Phosphorus Solubility
Among the 6 different chemical amendments used in this study, the application of aluminum chloride to the broiler litter resulted in a 97.2% reduction the atmospheric ammonia concentration at 42 d when compared with the control, which was the best treatment among the 6 groups ( Figure 1C ). This was followed by ferrous sulfate and alum, which lowered the ammonia production at 42 d by 90.77 and 86.18%, respectively ( Figure 1A and 1B) . In a previous laboratory study , alum and ferrous sulfate reduced ammonia volatilizations from litter by as much as 99 and 58%, respectively.
When alum or aluminum chloride was used as an amendment with 50 g of CaCO 3 , the ammonia production at 42 d was reduced by 78.66 and 75.52%, respectively. These treatments resulted in a higher ammonia production than with alum or aluminum chloride amendment alone (Figure 1 , B through E). Moore et al. (1995a) reported that nitrogen losses at 42 d with litter treated with alum at 100 and 200 g/kg were 24 and 57% lower than the controls, respectively, and CaCO 3 lowered the pH. The question is now raised about ammonia volatilization being lower from litter with a lower pH, and CaCO 3 should lower the pH of the litter when used in conjunction with alum or aluminum chloride. There was no trend observed in this study with respect to pH and atmospheric ammonia production with alum, aluminum chloride, alum + CaCO 3 , or aluminum chloride + CaCO 3 . The only common trend was use of 50 g of CaCO 3 for the commercial farms used in our study. Ferrous sulfate, alum, and aluminum chloride amendments resulted in ammonia production at 42 d of less than 7 ppm, whereas alum + CaCO 3 (8.13 ppm) and aluminum chloride + CaCO 3 (9.18 ppm) exceeded 7 ppm at 6 wk, and potassium permanganate treated litter produced 8.88 and 12.00 ppm at wk 5 and 6, respectively (Figure 1, D through F) . Donham et al. (1989) recommended that the threshold concentration of ammonia inside poultry buildings be set at 7 ppm. A 1% solution of potassium permanganate was highly effective for odor control on a cattle feedlot (Faith, 1964) , and Cole et al. (1976) reported that potassium permanganate at 500 mg/L controls slurry odor effectively.
The rate of ammonia volatilization is dependent on pH, moisture content, wind speed, ammonia concentration, and temperature (Reece et al., 1979) . Ferrous sulfate, alum, and aluminum chloride are acid-forming compounds . Smith et al. (2001) found that aluminum chloride reduced ammonia fluxes from 95.1 mg of ammonia per m 2 /h in the control pens of pigs to 48.2 mg of ammonia per m 2 /h in pens treated with 0.75% aluminum chloride for a 49% reduction. They hypothesized that more frequent additions of aluminum chloride may result in even greater reductions in pH and ammonia production from manure. Decreasing ammonia volatilization from litter increased the value of poultry litter as a fertilizer source, and a substantial amount of nitrogen in this fertilizer is in inorganic forms .
Although the pH values of ferrous sulfate, alum, and aluminum chloride treated litters were not significantly lower than that of the control, our results suggest that the lower pH values of these amendments might have been sufficient to result in lower ammonia production from the litter. According to some reports, reduction of manure pH results in reduced ammonia volatilization (Burgess et al., 1998; Smith et al., 2001) .
The moisture contents of the litters amended with ferrous sulfate, aluminum chloride, or aluminum chloride + CaCO 3 were significantly lower (P < 0.01) than the control in our study. Alum addition has also been shown not to affect litter moisture (Burgess et al., 1998) , and ammonia release from litter is related to litter pH and moisture (Elliott and Collins, 1982) . Ammonia emissions have been positively correlated (Carr et al, 1990; Elliott and Collins, 1982; Nahm, 2002) and negatively correlated (Ferguson et al., 1998b) with litter moisture content.
Addition of all litter amendments except potassium permanganate resulted in significantly lower (P < 0.01) SRP concentrations than in the control. These results were in agreement with previous reports Miller, 1992, 1994) in which alum, calcium hydroxide, ferrous chloride, and ferrous sulfate were effective in reducing the phosphorus content of poultry litter. Because the major form of phosphorus in runoff in fields is water soluble (80% or more; Edwards and Daniel, 1993; Shreve et al., 1995) , the phosphorus runoff from fields receiving litter amended with these compounds should be lower than that from fields fertilized with normal litter. SRP is by far the most available form of phosphorus to algae and bacteria, and drastic reductions in soluble phosphorus levels running off of agricultural lands receiving poultry litter should help to improve the water quality of adjacent lakes and rivers (Sharpley et al., 1992) .
